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Abstract

Recently we have presented data supporting the notion that PIKfyve not only produces the
majority of constitutive phosphatidylinositiol 5-phosphate (PtdIns5P) in mammalian cells but that
it does so through direct synthesis from PtdIns. Another group, albeit obtaining similar data,
suggests an alternative pathway whereby the low-abundance PtdIns(3,5)P, undergoes hydrolysis
by unidentified 3-phosphatases, thereby serving as a precursor for most of PtdIns5P. Here, we
review the experimental evidence supporting constitutive synthesis of PtdIns5P from Ptdins by
PIKfyve. We further emphasize that the experiments presented in support of the alternative
pathway are also compatible with a direct mechanism for PIKfyve-catalyzed synthesis of
PtdIns5P. While agreeing with the authors that constitutive PtdIns5P could theoretically be
produced from PtdIns(3,5)P, by 3-dephosphorylation, we argue that until direct evidence for such
an alternative pathway is obtained, we should adhere to the existing experimental evidence and
quantitative considerations, which favor direct PIKfyve-catalyzed synthesis for most constitutive
PtdIns5P.
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Introduction

All in the family: Pl intercommunications

The seven phosphoinositides (Pls) that are detected in mammalian cells are produced
directly or indirectly from phosphatidylinositol (PtdIns) through enzymatic reactions
involving kinases and phosphatases (Fig. 1A). Because the Pls are subjected to dynamic
interconversion by one or more enzymatic activities, it is often challenging to pinpoint the
underlying physiological pathways that generate, maintain and curtail the constitutive or
stimulated cellular levels of a given PI. Furthermore, with the exception of PtdIns(4,5)P,
and PtdIns4P, in quiescent cells Pls are present in minute amounts (Fig. 1A). This, together
with the persistent technical challenges for simultaneous PI detection and quantification, as
in the case of PtdIns(3,5)P, and PtdIns5P, poses further roadblocks preventing firm

"Corresponding author. Assia Shisheva, ashishev@med.wayne.edu.
Conflict of Interest: The authors have no conflict of interest.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shisheva et al.

Page 2

conclusions about the immediate PI precursor. To further complicate the matter, the
substrate specificity of a given Pl-metabolizing enzyme determined in a test tube (in vitro)
may not necessarily mirror the one the enzyme would have in intact cells (in vivo). Thus,
variables such as substrate availability, amounts or mode of presentation, as well as the
presence of regulatory factors and stimuli modifying the enzymatic activity, potentially
affect the substrate specificity of in vivo enzymatic reactions. Moreover, some Pl
metabolizing enzymes are promiscuous and act on more than one substrate, adding to the
complexity. Understanding of what a Pl enzyme does or does not do in mammalian cells is
essential from a basic standpoint. More importantly, in light of the accumulated evidence
implicating the Pl metabolizing enzymes and their products in serious human diseases,
including diabetes, cancer and neurological disorders [1-8], precise and accurate
determination of the enzyme substrate specificity in vivo has taken a central stage. Such
knowledge will undoubtedly help in diversifying and improving treatment strategies.

PIKfyve making both Ptdins(3,5)P, and PtdIns5P in a cell context

Redefining and refining the substrate specificity of a PI-metabolizing enzyme is a
continuing process going hand in hand with improvement of the detection approaches and
development of new biological tools. A distinctive example in this regard is the substrate
specificity of the Type Il Pl 5-Kinases, which — owing to improved PtdIns5P separation
from the bulky Ptdins4P by Rameh et al. — was clarified to be for PtdIns5P rather than
PtdIns4P, as initially thought [9]. Substrate specificities of Class 11 Pl 3-kinases for PtdIns,
PtdIns4P or both under constitutive and stimulated conditions are also in a process of
clarification [10-14].

One PI metabolizing enzyme whose substrate specificity is still debated is PIKfyve, an
evolutionarily conserved P15-kinase (EC 2.7.1.150), found in animals, plants and fungi [2].
Following cloning of mouse PIKfyve in 1999 [15], we determined in vitro that both the
endogenous and recombinant PIKfyve made PtdIns5P from a PtdIns substrate and
PtdIns(3,5)P, from a PtdIns3P substrate [16, 17]. The identity of the two products generated
under these in vitro conditions as well as in cellular contexts was verified by HPLC inositol-
head-group analysis [16, 18, 19], the gold standard in P1 confirmation. Usage of PIKfyve
point mutants, combined with exogenous delivery of individual lipids, allowed the
implication of PIKfyve-catalyzed PtdIns(3,5)P, synthesis in regulating endosomal
membrane homeostasis [19, 20]. PIKfyve-catalyzed production of PtdIns5P in the cellular
context was also confirmed by the PtdIns5P-mass assay [18], an approach developed in
Irvine’s laboratory to circumvent the challenging separation of PtdIns5P from the bulky
PtdIns4P by HPLC [21]. These data corroborated our functional observations that PtdIns5P-
dependent F-actin breakdown was simulated by ectopic expression of PIKfyve in
mammalian cells [22]. Hence, we proposed early on that in mammalian cells PIKfyve is
responsible for direct synthesis of both PtdIns(3,5)P, and PtdIns5P [23], a view that has
continued to be supported by subsequent data from our lab and that of others.

Despite this compelling in vitro and in vivo evidence, the majority view about PIKfyve
specificity has been centered on PtdIns(3,5)P, production from PtdIns3P substrate, mainly
due to two observations in yeast, made in the late 90s: 1) expression of mouse PIKfyve in
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yeast mutant (S. cerevisiae) with deleted fabl (Afabl), the yeast PIKfyve ortholog, did not
yield PtdIns5P yet Ptdins(3,5)P, was restored as assayed by HPLC [24]; 2) absence of
constitutive PtdIns5P occurrence in wild-type yeast [25-27]. Due to this evidence the
prevalent opinion in the field was that, like fabl in yeast, PIKfyve does not produce
PtdIns5P in mammalian cells. The source of the relatively large constitutive PtdIns5P pool
in mammalian cells remained unresolved, though dephosphorylation of bisphosphorylated
Pls, such as PtdIns(4,5)P, and PtdIns(3,5)P,, gained credibility [28-30]. However, note that
steady-state levels of Ptdins(3,5)P, are ~10 fold lower than those of PtdIns5P (Fig. 1A).
Together with the lack of experimental evidence for the quantitative conversion of
PtdIns(3,5)P, to PtdIns5P in resting cells (discussed below), the notion of a Ptdins(3,5)P»
turnover pathway as a main source for constitutive PtdIns5P would seem improbable.

Two sides of the same story

After 2010, new tools for PIKfyve research, such as knockout mouse models and chemical
inhibitors, bore the promise of finally clarifying the question of whether constitutive
PtdIns5P is synthesized by PIKfyve in mammals. Thus, using our KO mice, the first
genetically modified PIKFYVE mouse model, we obtained data unequivocally supporting
the conclusion that PIKfyve is indeed responsible for production of both PtdIns(3,5)P, and
PtdIns5P in vivo. Specifically, our observation for similar decreases in steady-state levels of
PtdIns(3,5)P, and PtdIns5P in embryonic fibroblasts derived from heterozygous mice with
Pikfyve gene disruption indicated that PIKfyve makes both lipids, as we published in
Ikonomov et al. 2011 [31]. Similarly, Zolov et al. 2012 [32] found a simultaneous reduction
in PtdIns(3,5)P, and PtdIns5P in fibroblasts derived from an independent hypomorphic
mouse model with a Pikfyve gene trap. Thus, they reached the same conclusion, that is,
PIKfyve is responsible for both PtdIns(3,5)P, and PtdIns5P production. It should be noted
that related to PIKfyve research, our team [18, 31, 33, 34] and that of Weisman [32, 35] are
the only groups that simultaneously detect and quantify steady-state levels of PtdIns5P and
PtdIns(3,5)P, in mammalian cells by a single HPLC run, due to various technical limitations
discussed elsewhere [5, 18, 34]. Quantitative details of these data obtained by the two
groups are summarized in Table 1.

Furthermore, using these new tools, our laboratory has made additional observations
allowing a second important conclusion, i.e., that PIKfyve not only produces PtdIns5P but
that it does so by direct synthesis from PtdIns (Fig. 1B). For example, we demonstrated that
acute PIKfyve inhibition at low doses of the YM201636 compound rendered intracellular
PtdIns5P more severely reduced than PtdIns(3,5)P, (by ~ 2-fold) in several mammalian cells
([34] and Table 1). Importantly, under these conditions the decrease of PIKfyve-inhibitable
PtdIns5P production was quite substantial in all of the tested cell types (71% — 62%),
suggesting a significant portion of the basal PtdIns5P being made by PIKfyve [34]. Notably,
these observations in cell systems were supported by in vitro kinase assays, demonstrating
similar preferential reduction of PtdIns5P vs. PtdIns(3,5)P5 at low concentrations of the
inhibitor [34]. These results coupled with: i. profoundly greater steady-state levels of
PtdIns5P compared to that of PtdIns(3,5)P, (Table 1); ii. direct PIKfyve-catalyzed synthesis
in vitro of both products [16, 17]; iii. distinct roles of two lysines from the PIKfyve catalytic
domain in PtdIns(3,5)P, and PtdIns5P production [20] (detailed below), strongly support
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direct PIKfyve-catalyzed synthesis of PtdIns5P from PtdIns as the principal physiological
pathway for constitutive Ptdins5P [34] (Fig. 1B).

Work by Weisman’s team also provided experimental evidence in support of this
conclusion. For example, steady-state levels of Ptdins5P decreased preferentially to
PtdIns(3,5)P, in fibroblasts derived from their Pikfyve gene trap mouse model [32] (Table
1). Their data in fibroblasts derived from mice with disruption of the vac14 gene, whose
protein product ArPIKfyve increases PIKfyve activity [2], also show preferentially reduced
steady-state levels of PtdIns5P vs. Ptdins(3,5)P, [35].

However, despite the data and quantitative considerations outlined above, a recent review
article in BioEssays by McCartney et al. [36] promotes an alternative pathway whereby the
low-abundance PtdIns(3,5)P, serves as a precursor for synthesis of an-order-of-magnitude-
greater amounts of PtdIns5P (subtitle: “P1(3,5)P, is a precursor for PISP synthesis™) (Fig.
1B). This conclusion rests on data from their original study published under a similarly
emphatic title “In vivo, Pikfyve generates PI(3,5)P5, which serves as both a signaling lipid
and the major precursor for PI5P” [32]. Below, we review specific experimental approaches
both by us and others in support of the direct route, which, together with data in Table 1,
must be taken into consideration. We also critically assess recent data provided in support of
PtdIns(3,5)P, as a precursor for most of constitutive Ptdins5P [32, 36] and demonstrate that
this evidence is also completely compatible with direct synthesis of PtdIns5P by PIKfyve.

PtdIns3P-PtdIns(3,5)P, cycling: Handcuffed by a kinase-phosphatase

complex

The natural occurrence of PtdIns(3,5)P, in quiescent mammalian cells and the direction of
PtdIns(3,5)P, synthesis and turnover was first reported by Ulug’s team in 1997. This study
[37] not only formally identified the predicted PtdIns(3,5)P, species in resting mammalian
cells [38] but also determined the metabolic route of PtdIns(3,5)P5 synthesis from PtdIns3P.
By monitoring the time-course of the specific radioactivity associated with the individual 3
and 5 positions in PtdIns(3,5)P5 in pulse-labeled mouse fibroblasts, the authors convincingly
demonstrated that the phosphate addition at position 5 occurs subsequent to phosphorylation
of position 3. In the same year, this pathway was also shown to operate in yeast [39].
Importantly, Ulug’s team went a step further to clarify that PtdIns(3,5)P, is precipitously
converted to PtdIns3P rather than to PtdIns5P. Note that in this study the authors
standardized their reaction products to a PtdIns5P standard, well separated from the
PtdIns4P peak by HPLC [37]. Based on the robustness of the Ptdins3P-PtdIns(3,5)P»
cycling, Ulug’s group envisioned a concerted regulation of this interconversion by a 5-
kinase and a 5-phosphatase [37]. Both mammalian enzymes were identified 2 and 10 years
later, respectively [15, 40]. Time has also proven correct the rapid PtdIns3P-PtdIns(3,5)P2
cycling predicted in the study [37]. Thus, subsequent to our identification of the Pl 5-kinase
PIKfyve and the Pl 5-phosphatase Sac3 (EC 3.1.3) as the responsible mammalian kinase and
phosphatase, respectively, we found that the two enzymes, aided by a scaffolding protein
ArPIKfyve, associate in a stable signaling complex [40] (Fig. 2). A similar arrangement is
confirmed with the yeast orthologous proteins [41, 42]. The association of two enzymes with
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opposing activities in a single complex underscores PtdIns(3,5)P, turnover to PtdIns3P and
the robustness of the PtdIns(3,5)P,-PtdIns3P interconversion.

Purified PIKfyve: Makes two products, both reduced by PIKfyve inhibition

Challenging the occurrence of direct synthesis of constitutive PtdIns5P by PIKfyve in a
cellular context, the authors questioned our measurements of direct PtdIns5P synthesis by
PIKfyve in in vitro assays [36]. Their criticism is centered on possible hydrolysis of
PtdIns(3,5)P, to PtdIns5P by 3-phosphatases that could co-immunoprecipitate with PIKfyve
from mammalian cell lysates. They also discussed a presumed controversy of our in vitro
data with that by another group.

Related to the first argument, a GST-purified recombinant PIKfyve produced by a
baculovirus expression system and used in parallel with immunopurified PIKfyve from
mammalian cell lysates yields, similarly, production of both PtdIns(3,5)P, and PtdIns5P in
vitro [17, 43]. Whereas in either expression system one cannot rule out a putative 3-
phosphatase pulldown, note that none has been reported to date. Moreover, washing the
PIKfyve immunoprecipates derived from mammalian cell lysates with SDS (0.05%), a step
that strips even the stably associated proteins in the PAS complex (Fig. 2), also yields equal
generation of the two products [44]. Perhaps more importantly, if 3-phosphatases were co-
immunopurified with PIKfyve from mammalian cell lysates, hydrolysis to PtdIns5P ought to
also occur when PtdIns(3,5)P, is made from the PtdIns3P substrate. As this is repeatedly not
the case [16, 43, 45], the claim by the authors for presumed PtdIns5P in vitro production by
3-phosphatases, pulled down from mammalian cell lysates [36], lacks experimental support.
Clearly, these and other similar in vitro data by our lab [16, 17, 20, 31, 43-50] demonstrably
show that the two products PtdIns(3,5)P, and PtdIns5P are made in parallel by PIKfyve,
unrelated to whether the endogenous or recombinant enzyme is purified from insect or
various mammalian cell lysates.

Purified recombinant HA-PIKfyve produced by an adenoviral expression system in
mammalian cells [18, 19, 47] also makes both PtdIns5P and PtdIns(3,5)P in vitro (Fig. 3A).
Under these conditions the expressed protein is in vastly greater amounts vs. endogenous
PIKfyve (>30-fold) [47], making the claimed Ptdins(3,5)P, hydrolysis by putative pulled
down endogenous 3-phosphatases [32, 36], also improbable. Most importantly, acute
chemical inhibition of such adenovirally expressed PIKfyve by YM201636 or L41 results in
arrested in vitro synthesis of both PtdIns(3,5)P, and PtdIns5P, as we have reported for this
[51] or another enzyme source [34, 52] (Fig. 3A). Thus, our data unambiguously
demonstrate a YM201636- or L41-dependent arrest of both PtdIns5P and PtdIns(3,5)P2
syntheses in vitro due to direct PIKfyve inhibition, calling attention to YM201636 usage in
support of the indirect pathway [32, 36] (discussed further).

Regarding the potential discrepancy of our data with the in vitro activity of PIKfyve
expressed from a yeast plasmid - as documented in [24], under these conditions PIKfyve
also produces in vitro mono-phosphorylated Pl from a PtdIns substrate. Whereas this
product has migration characteristics similar to PtdIns5P by TLC resolution, validation by
HPLC has not been performed [24].
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Two distinct lysines in the PIKfyve catalytic core define divergent

enzymatic activity

If PIKfyve makes directly both Ptdins(3,5)P5 and PtdIns5P, a legitimate question then is the
mechanism for this dual lipid substrate specificity. In the absence of structural information
for the PIKfyve catalytic domain and facing the obstacle that even large peptides (~370
residues) encompassing the entire catalytic domain are devoid of enzymatic activity [17, 50,
53], the molecular basis of the two distinct PIKfyve lipid kinase activities is difficult to
discern. We propose a potential mechanism whereby different residues in the PIKfyve
catalytic domain define distinct substrate binding by selectively ligating the 3-phosphate
and/or 1-phosphate of the inositol-head-groups in PtdIns3P and PtdIns, respectively.

Corroborating this prediction, targeted mutagenesis in full-length PIKfyve reveals that
Lys2900 within the predicted PIKfyve substrate-binding pocket supports preferentially
PtdIns5P vs. PtdIns(3,5)P, synthesis in vitro, whereas Lys199° shows preferences in the
opposite direction [20] (Fig. 3B). The two point mutants also exhibit different
morphological phenotypes upon cell expression (Fig. 4). Thus, only the PIKfyveK1999E
mutant that exhibits greatly perturbed PtdIns(3,5)P, synthesis provokes the characteristic
cell vacuolation phenotype, readily rescued upon exogenous delivery of PtdIns(3,5)P, but
not of PtdIns5P [20]. Accordingly, Lys1999 but not Lys2000 specifically interacts with
PtdIns3P-containing liposomes in in vitro binding assays utilizing PIKfyve peptides of the
entire catalytic domain [54]. Our data showing lack of measurable specific binding between
the PIKfyve catalytic domain peptide and PtdIns-containing liposome [54] are consistent
with higher Km of PIKfyve (low affinity) for the Ptdins substrate compared to the PtdIns3P
substrate. This is corroborated by multiple in vitro activity assays with either endogenous or
wild-type PIKfyve [16, 17, 20, 31, 43-50], documenting equal or even preferential synthesis
of PtdIns(3,5)P, vs. PtdIns5P. Note that this is despite the greater amounts of Ptdins over
PtdIns3P, present as a contaminant in PtdIns substrate preparations (Fig. 3). The ample
cellular amounts of PtdIns substrate (Fig. 1A) together with relatively weaker affinity of
PIKfyve for PtdIns compared to PtdIns3P (Fig. 3) are consistent with a more gradual rate of
PtdIns5P appearance compared to PtdIns(3,5)P,, as observed under nutrient refeeding of
starved cells [32, 36] (detailed further).

Myotubularins in constitutive Ptdins5P from Ptdins(3,5)P, — Where is the in

vivo evidence?

The direct and indirect models are not mutually exclusive. It is thus theoretically possible
that they may be concurrent depending on the cell status. However, the claim that the
indirect route is responsible for most of the constitutive PtdIns5P in quiescent cells [36]
lacks experimental support. Specifically, the enzyme(s) performing the hydrolysis of the 3-
phosphate in PtdIns(3,5)P, to produce PtdIns5P (Fig. 1B) under basal conditions is/are
unknown. The authors [36] assume that one or more members of the family of myotubularin
3-phosphatases (MTM1/MTMRs) account for this step (Fig. 1B). Indeed, in in vitro assays
or when heterologously expressed in osmotically stressed yeast cells, most MTM1/MTMRs
hydrolyze elevated amounts of Ptdins(3,5)P, along with PtdIns3P (reviewed in [43, 55]).
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However, any proof of the physiological occurrence of PtdIns(3,5)P,-to-PtdIns5P hydrolysis
by MTM1/MTMRs in resting mammalian cells is thus far unavailable. In fact, the vast
majority of research efforts in different species (yeast, C. elegans, Drosophila and
mammals) are in favor of PtdIns3P being the physiological substrate for myotubularin-
dependent hydrolysis [27, 56—69]. A recent study in human cells [70] is cited by the authors
[36] in support of their claim for MTMR-dependent hydrolysis of PtdIns(3,5)P»-to-
PtdIns5P. This study, however, shows unaltered constitutive amounts of PtdIns5P upon
protein depletion of MTMR3, the 3-phosphatase proposed to functionally crosstalk with
PIKfyve (Suppl. Fig. S5 in [70]). Concordantly, MTMR3 protein depletion slightly
abrogates the fibroblast-growth-factorl-stimulated increment in PtdIns5P, but again, steady-
state levels of PtdIns5P are unaltered [70]). Thus, the reduced PtdIns5P levels in growth-
factor-stimulated cells could be extrapolated to neither constitutive PtdIns5P nor the
precursor function of PtdIns(3,5)P,, as the latter remained below detectable levels in both
quiescent and stimulated cells [70]. It is likely that the Ptdins(3,5)P, pool, when elevated
due to cell stimulation, is turned over to Ptdins5P by MTMRs as reviewed in [43]. However,
levels of constitutive PtdIns5P are most likely to be maintained through direct synthesis by
PIKfyve (Fig. 1B).

In support of the claim for MTMR-dependent hydrolysis of PtdIns(3,5)P,, the authors [36]
point out another evidence in fibroblasts from MTMR2 KO mice [71]. However,
PtdIns(3,5)P, - PtdIns5P conversion is not quantitatively supported in this study as the two
lipids are assayed by different experimental approaches and in different cell types [71].
Moreover, PtdIns(3,5)P, levels remained reduced in fibroblasts from mice with double KO
of FIG4/Sac3 and MTMR2 [71], whereas elevation would be expected if MTMR2
dephosphorylates Ptdins(3,5)P,. Furthermore, it should also be considered that the PtdIns3P
rise, observed in models with perturbed MTM1/MTMRs and ymr1 3-phosphatase activities
[8, 27, 56, 57, 59, 61-63, 65, 67, 69] might result, by default, in elevated PtdIns(3,5)P,
through new PIKfyve-dependent synthesis from the increased PtdIns3P substrate. Finally,
absence of statistical correlation between steady-state levels of PtdIns(3,5)P, [or
PtdIns(4,5)P,] and PtdIns5P in several cell types also implies PtdIns5P synthesis from
PtdIns, as suggested by us and others [34, 72, 73]. Clearly, to date there exists no compelling
in vivo evidence in mammalian cells for the role of myotubularin 3-phosphatase activity in
producing most of constitutive PtdIns5P by PtdIns(3,5)P, hydrolysis, hence questioning the
proposed precursor-product relationship.

Considering limitations to free diffusion of the membrane-embedded Pls, McCartney et al.
[36] further postulated that MTMRs reside within the PAS complex. However, no
experimental evidence in support of plausible association between any member of the
myotubularin family and PIKfyve (alone or associated in the PAS complex) has been
provided to date. The PtdIns3P-PtdIns(3,5)P, cycling channeled within the PAS complex
(Fig. 2) might also pose limitations on the accessibility of PtdIns(3,5)P, for myotubulrarin-
dependent hydrolyses. Reportedly, many myotubularins are localized away from endosomes
[74], providing further limitations. Strikingly, even when myotubularins localize to the
endosomal system, as shown in A431 cells for MTM1 and MTMRZ2, their protein depletion
does not affect the PtdIns(3,5)P, pool yet PtdIns3P is greatly increased [59]. Together, these
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data and considerations indicate very significant uncertainties in assigning a physiological
role of MTM1/MTMRSs in constitutive PtdIns5P production from PtdIns(3,5)P5.

Evidence for direct synthesis of constitutive Ptdins5P

The above discussion indicates that PIKfyve’s implication in direct synthesis of constitutive
PtdIns5P (Fig. 1A) is based on numerous observations by various in vivo and in vitro
approaches. For the sake of clarity, we summarize the above-discussed evidence supporting
this conclusion:

1.

10.

In vitro synthesis of PtdIns(3,5)P, and PtdIns5P by purified PIKfyve preparations
[16,17,20,31,43-50].

In vivo synthesis of both Ptdins(3,5)P, and PtdIns5P upon heterologous expression
of PIKfyve in several cell types [18, 19].

In vitro production of PtdIns(3,5)P, and PtdIns5P is equally reduced upon PIKfyve
inhibition at inhibitor doses above the in vitro ICsq (Fig. 3A and [34, 52].

MEFs derived from heterozygous PIKfyve KO mice show similar reduction of
PtdIns(3,5)P, and PtdIns5P despite ~10-fold lower steady-state levels of
PtdIns(3,5)P, compared to PtdIns5P (Table 1 and [31]).

Preferential reduction of PtdIns5P vs. PtdIns(3,5)P in different cell types upon
PIKfyve inhibition at inhibitor doses below the in vivo ICsq (Table 1 and [34]). In
vitro assays show similar preferential reduction of PtdIns5P vs. Ptdins(3,5)P, at
inhibitor doses below the in vitro ICsq [34].

Preferential diminution in steady-state levels of PtdIns5P vs. PtdIns(3,5)P; in
fibroblasts from mice with Pikfyve or Arpikfyve/Vac14 gene trap (Table 1 and [32,
35)).

Distinct lysines from the predicted PIKfyve substrate-binding activation loop are
engaged in in vitro production of Ptdins(3,5)P, and PtdIns5P (Fig. 3B and [20]).
Concordantly, only the mutant with markedly defective PtdIns(3,5)P, synthesis
triggers the typical aberrant cell vacuolation (Fig. 4 and [20]).

Functional correlation of PIKfyve ectopic expression with PtdIns5P-dependent F-
actin breakdown and, conversely, abrogation of induced F-actin disassembly by
PIKfyve activity inhibition in CHO cells [22, 34].

Established direction of PtdIns(3,5)P, turnover to PtdIns3P rather than to PtdIns5P
[37]. Concordantly, PIKfyve couples to a 5-phosphatase rather than a 3-
phosphatase (Fig. 2 and [40, 49]).

Unproven physiological role of myotubularins in maintaining constitutive PtdIns5P
levels by hydrolysis of PtdIns(3,5)P, in mammalian cells.

The combined evidence indicates that in resting mammalian cells PIKfyve directly generates
PtdIns5P from Ptdins, along with PtdIns(3,5)P, from PtdIns3P substrates, being responsible
for most of constitutive PtdIns5P.
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Evidence supporting the indirect pathway is also compatible with direct
synthesis of PtdIns5P by PIKfyve

From yeast

The review article [36] did not consider the observations discussed above. Instead, the
authors [36] support their claim for a Ptdins(3,5)P, precursor-PtdIns5P product relationship
by new data from three sets of experiments in yeast or mammalian cells. Because the
authors state that observations from heterologous expression of PIKfyve in yeast serves “as
the strongest evidence for this hypothesis” [36], it is important that this evidence be
carefully examined.

The authors [36] assert that if direct synthesis of PtdIns5P from PtdIns by PIKfyve occurs,
then the combined total of PtdIns3P, Ptdins5P and PtdIns(3,5)P, upon heterologous
expression of PIKfyve in yeast would rise over the control due to new conversion of PtdIns
to PtdIns5P. In fact, this is the authors’ observation (Fig. 4C in the original study [32]).
Specifically, the sum of individual numbers for the three lipids is greater in the condition
with PIKfyve expression by an amount that is commensurate with the newly generated
PtdIns5P (Box 1). Whereas we consider that the small statistically non-significant difference
is due to variation of samples, we would like to point out that the one or the other model
could be explained by only ~2% difference (the amount of newly produced PtdIns5P as %
from the sum of the three lipids, Box 1). Given the sample size and the variation of samples,
the study [32] lacks sufficient statistical power necessary to discern such a small difference.
Clearly, the yeast study cannot selectively support the hypothesis of PtdIns(3,5)P, serving as
a precursor for PtdIns5P and, thus, does not disprove the direct pathway.

The yeast experiment by the authors and reports by others allow important inferences about
this model system related to PIKfyve research. Thus, the data that heterologous expression
of PIKfyve in yeast yields a ~6-fold increase of PtdIns(3,5)P,, whereas PtdIns5P rises only
~2-fold [32], could suggest that yeast is a poor model system for the ATP-dependent
anabolic route of PtdIns5P production from Ptdins by PIKfyve as well as by Fabl. The
inability of wild-type yeast to make any, or negligible, amounts of PtdIns5P [25, 27, 32, 71,
75] may indicate that crucial protein adaptor(s)/regulator(s) are absent in this system. This
conclusion is actually in agreement with complementation analysis of PIKfyve in yeast
Afabl mutant, where no detectable PtdIns5P could be observed while Ptdins(3,5)P, was
elevated back to normal [24]. It is indeed surprising that overexpression of PIKfyve could
even make PtdIns(3,5)P, in wild-type yeast [36] given that overexpression of its own Fabl
was ineffective [25], evidently, due to the unavailability of regulatory proteins for Fabl-
complex formation. This also underscores the critical requirement for the presence of
regulatory protein machinery at yet to-be-determined stoichiometric ratios of the
constituents in order to form a productive complex. The observations by the authors in yeast
[32, 36] corroborate the notion that PtdIns5P synthesis by heterologously expressed PIKfyve
is more sensitive to the absence of such regulatory signals than Ptdins(3,5)P, synthesis.
Absence of increased Ptdins(3,5)P, upon Fabl overexpression in yeast [25] does not refute
PtdIns(3,5)P, synthesis by Fabl. In the same vein, weak PtdIns5P synthesis by PIKfyve
expression in yeast [32, 36] cannot refute PIKfyve’s ability to make PtdIns5P in mammalian
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cells directly. Moreover, several laboratories employing different approaches affecting
PIKfyve protein levels and/or activity have seen changes in constitutive PtdIns5P levels in
mammalian cells, as discussed above (Table 1 and [18, 70, 76, 77]). This analysis further
reinforces the fact that the two orthologous kinases PIKfyve and Fab1l, in addition to
similarities, have many differences including substrate specificity, requirement for
regulatory partners, behavior to inhibitors etc. [2, 78]. Together, these data and
considerations suggest that the small PtdIns5P elevation seen in yeast is compatible with
direct synthesis from PtdIns by heterologously expressed PIKfyve.

From mammalian cells

To further support the claim for precursor-product relationship between PtdIns(3,5)P, and
PtdIns5P, the authors provided additional evidence from two experiments in mammalian
cells [32,36]. However, whereas these data may not contradict their hypothesis they do not
prove it either. In fact, as with the study in yeast, the evidence derived from these indirect
experimental approaches remains compatible with direct synthesis of PtdIns5P and
Ptdins(3,5)P, by PIKfyve.

Specifically, in the first approach, the authors employed the PIKfyve inhibitor YM201636,
which not only reduces Ptdins(3,5)P, as originally reported [78] but also inhibits synthesis
of PtdIns5P as observed both in vitro (Fig. 3A) and in cellular contexts [34, 52, 77]. The
authors also observe reduction of both products at a high dose of YM201636, and show that
the disappearance of PtdIns(3,5)P, and PtdIns5P occurs at a different rate [32]. The
straightforward inference from this experiment is that the two lipids have different turnover
rates subsequent to concurrent synthesis arrest by PIKfyve inhibition. As each PI has distinct
enzymes catalyzing different directions of conversion (Fig. 1A), the different turnover rates
are expected. Because the authors dispute PIKfyve making directly PtdIns5P [32, 36] and,
hence, direct inhibition of PtdIns5P synthesis, the slow attenuation of PtdIns5P vs.
PtdIns(3,5)P; is interpreted in support of a PtdIns(3,5)P, precursor - PtdIns5P product
relationship. However, note that the slower rate of PtdIns5P disappearance does not disprove
that PtdIns5P is, in part, reduced due to direct PIKfyve inhibition by the YM201636
compound. In fact, due to continuous interconversion of the PlIs, the rates of which remain
unknown, and direct inhibition of PtdIns5P production by PIKfyve, this experiment does not
provide support for the indirect pathway. Even if we make assumptions as those made by the
authors, and analyze the initial 0-2.5 min time period of inhibition [32], it would appear that
the absolute decrease in the molar concentration of PtdIns(3,5)P, is too small to account for
the change of PtdIns5P mass, and thus, would be inconsistent with the indirect model (Box
1).

Likewise, nutrient refeeding of starved cells, an approach affecting multiple enzyme
activities in various signaling pathways (not solely “activation of endogenous PIKfyve”, as
stated in [36]), fails to lend selective support in favor of the claim that “PtdIns(3,5)P, is a
precursor for PtdIns5P synthesis”. In fact, the observation that PtdIns(3,5)P, reaches
equilibrium faster than PtdIns5P [32] by nutrient refeeding is also compatible with PIKfyve
directly catalyzing both reactions. Thus, based on Michaelis-Menten kinetics, at constant
enzyme amounts, the initial reaction rate is dependent on the substrate concentration and
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enzyme affinity for the substrate (Km), with equilibrium reached faster at low substrate
concentrations and low Km [79]. Accordingly, the Ptdins3P substrate for PtdIns(3,5)P,
synthesis is greatly less than the Ptdins substrate for PtdIns5P synthesis (Fig. 1A) and the
PIKfyve affinity for PtdIns3P is higher than that for PtdIns, as discussed above. In
conclusion, the two approaches in mammalian cells provide limited evidence in support of
the claim that constitutive PtdIns5P is produced from PtdIns(3,5)P, [36]. More importantly,
they remain consistent with direct synthesis of PtdIns(3,5)P, and PtdIns5P by PIKfyve.

Conclusions and outlook

The claim for PtdIns(3,5)P, serving as a precursor for most of the cellular Ptdins5P pool
[32, 36] faces many challenges, first and foremost being the lack of direct and convincing
experimental evidence in support. Given its inconsistency with experimental evidence,
corroborating direct synthesis of constitutive PtdIns5P by PIKfyve, together with
quantitative considerations and lack of in vivo evidence about PtdIns(3,5)P,-PtdIns5P
enzymatic conversion, this claim remains speculative. While we consider that some
speculations might be proven as science continuously advances, we believe that in the
absence of critical experimental support, this claim should currently be viewed as a
hypothesis.

We wish to propose several direct approaches that might empower future investigation in
seeking direct validation and coherent explanation of constitutive PtdIns5P occurrence.
First, [3H]myo-inositol with substituted 3-hydroxyl that is most likely synthesizable [80],
will be a key tool in cell labeling experiments, unambiguously defining the contribution of
PIKfyve vs. MTM/MTMRs to PtdIns5P production under different conditions. Second,
PIKfyvel999 and PIKfyve2900 knock-in mouse models, where the mutations differentially
affect production of the two lipids (Fig. 3) [20], will provide unequivocal evidence for
synthesis of each of the two lipids, in addition to enlightening their distinct physiological
functions. Third, new PIKfyve chemical inhibitors [51, 81, 82] together with other yet-to-be-
designed compounds hold promise for a greater selectivity window than that observed with
YM201636 [34] in inhibiting synthesis of one lipid over the other. Such inhibitors will also
help sort through the distinct functions regulated by the PIKfyve-catalyzed PtdIns5P vs.
PtdIns(3,5)P,. Finally, Ptdins3P ablation through perturbation of the 3-kinases feeding into
the PtdIns3P pool [11, 83-85] might appear as a potential approach. However, it should be
considered that PIKfyve requires PtdIns3P not only as a substrate but also as membrane
targeting signal that promotes its functionality [19, 54, 86]. Therefore, PtdIns3P ablation is
likely to compromise not only PtdIns(3,5)P, but also PtdIns5P production.
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Abbreviations

HPLC high-pressure liquid chromatography

KO
PAS
Pls

knockout
complex PIKfyve-ArPIKfyve-Sac3 complex

phosphoinositides

Ptdins phosphatidylinositol

TLC
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Box 1

Data in support of the indirect pathway are also compatible with direct
synthesis of PtdIns5P by PIKfyve

Yeast study:
Human PIKfyve expression in yeast”™
Condition PtdIns3P PtdIns(3,5)P, PtdIns5P b
% of total PI % of total Pl % of total Pl [3P + (3,5)P, + 5P]
% of total PI
Control (Con) 2.93 0.15 0.05 3.13
PIKfyve 2.35 0.75 0.11 3.21
Difference, A (-)0.58 (+) 0.6 (+) 0.06 (+)0.08
A(3,5)P, + A5P = 0.66

*Data are derived from Fig. 4C and D in [32].
If PtdIns5P is made from PtdIns(3,5)P,, Eq. 1 and Eq. 2 are to be seen:
1. [3P+(3,5)P2 + 5Plpikfyve = [3P + (3,5)P2 + 5P]con

2. [(3,5)P2 PIKfyve ~ (315)P2 con] + (5PPIKfyve - 5Pcon) = [(spcon) - (3PPIKfyve)]

Data from [32] show that in both cases there is inequality with a difference of ~0.08%
(non-significant).

1. [3P +(35)P2 + SPlpiktyve > [3P + (3,5)P2 + 5Pleon; (3.21%>3.13%);

2. [(3,5)P2 pikfyve = (3:5)P2 conl + (5Ppikfyve = SPcon) > [(3Pcon) — (3Ppiksyve)l;
0.66%>0.58%

Note that this difference is commensurate to the newly formed PtdIns5P (~0.06%) due to
PIKfyve expression. Therefore, this evidence remains compatible with PIKfyve direct
synthesis of PtdIns5P.

Mammalian cell study: As rates of turnover and replenishment of PtdIns5P are
unknown under the conditions of PIKfyve inhibition with YM203616 [32], one could
simplify the system and evaluate the absolute molar changes of PtdIns(3,5)P, and
PtdIns5P during the initial time interval 0-2.5 min. Even if we assume that PtdIns(3,5)P»
is fully turned over to only PtdIns5P (not to PtdIns3P; Ref. 37), and PIKfyve does not
directly inhibit PtdIns5P production [34,52], the molar reduction in PtdIns(3,5)P; is 4-
fold less than that of PtdIns5P during the initial time interval 0-2.5 min* and, thus,
insufficient to account for the molar difference in PtdIns5P during this time interval.

In this simplified system, if PtdIns(3,5)P, is a precursor for PtdIns5P as claimed by the
authors [32,36], the following case should be seen:

([Ate] - [Ata5]) = ([Btg] — [Bto5]), where A is Ptdins(3,5)P5 and B is PtdIns5P.
Data in Ref. 32 show:
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([Atg] — [Ato5]) << ([Btg] — [Bt25]). t0 and t2.5 are the 0 min and the 2.5 min time,
respectively.

* Data are derived from Fig. 4A in [32].
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Figure 1.
A: The seven Pls and their relative abundance in resting mammalian cells. The approximate

relative abundance is derived from our work [23, 87] and that of others [88,89] in various
resting mammalian cells. Indicated are experimentally confirmed cellular pathways involved
in P1 production (solid arrows). In vitro established conversions are indicated by dashed
arrows. Only the enzymes relevant for this discussion are denoted. B: The two pathways for
PIKfyve-catalyzed synthesis of constitutive PtdIns5P in resting mammalian cells. The direct
pathway (1), for which evidence is detailed in this paper, consumes one mol ATP and uses
PtdIns substrate that is in huge excess. The indirect pathway (2), proposed by the authors
[32, 36], consumes 2 PIKfymol ATP and incorporates a third reaction of 3-
dephosphorylation of the PtdIns(3,5)P, substrate that in quiescent cells constitutes ~1/10 of
the product PtdIns5P. The enzyme(s) involved in the 3-dephosphorylation reaction of
PtdIns(3,5)P, is(are) still unidentified.
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Figure 2.
Schematic model of PIKfyve association with ArPIKfyve and Sac3 in the PAS complex.

The PtdIns3P - PtdIns(3,5)P, cycling on endosomal membrane microdomains is achieved
through a stable protein complex comprising PI 5-kinase PIKfyve, Pl 5-phosphatase Sac3
and dimerized scaffolding regulator ArPIKfyve [40]. The complex attaches to RabGTP-
early endosome platforms, enriched in PtdIns3P [90], presumed to be generated mainly by
Vps34, with a possible contribution by the other two PI3K classes [11, 83, 84]. Indicated are
the conserved domains in PIKfyve: FYVE, DEP, Cpn60_TCP1, CH homology/Spectrin
repeats and lipid kinase homology. The two antagonistic enzymes act in concert to regulate
PtdIns3P-PtdIns(3,5)P, cycling. Whereas ArPIKfyve and Sac3 are clearly responsible for
PIKfyve-dependent synthesis of PtdIns5P from PtdIns, whether this occurs in parallel with
PtdIns(3,5)P, synthesis on endosomal membranes is unknown. Interaction mapping details
are from [49, 50].
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Figure 3.

In vitro production of PtdIns(3,5)P, and PtdIns5P is equally inhibited by PIKfyve inhibitors
but differentially affected by PIKfyve mutagenesis. A: HEK293 cells transduced with
adenoviral vector encoding HA-PIKfyveWT were lysed in RIPA buffer (containing two
detergents, 1% NP-40 and 0.5% Na deoxycholate) and immunoprecipitated with PIKfyve
antibodies. PIKfyve protein expressed from adenoviral vector is >30-fold higher than the
endogenous, making specific co-immunoprecipitation of potentially PIKfyve-associated
myotubularins unlikely. Immunoprecipitates adsorbed onto Protein A Sepharose beads,
extensively washed (>10 times) with RIPA buffer and high-salt buffers, were preincubated
for 15 min with a DMSO solvent (=) or with DMSO-dissolved inhibitors at concentrations
0.1 puM of YM201636 or 1 uM of L41 (a novel PIKfyve inhibitor, [51]). The in vitro lipid
kinase assay was carried out for 15 min at 30° C in the presence of 12.5 uCi of [y-32P]JATP
(50 uM), 100 uM freshly sonicated PtdIns substrate (natural form soybean, Avanti Polar
Lipids, containing small amounts of natural PtdIns3P as a contaminant) and an assay buffer
[25 mM Hepes, pH 7.5, 120 mM NacCl, 2.5 mM MnCl,, 2.5 mM MgCl,, 5 mM -
glycerophosphate (phosphatase inhibitor) and 1mM dithiothreitol [20]. This ionic
composition prevents any generation of Ptdins3P during the assay as we described
elsewhere [46, 52]. Lipids were resolved by TLC using an acidic solvent system [65:35 (v/v)
1-propanol:2 M acetic acid]. Indicated are PtdIns(3,5)P, and PtdIns5P products confirmed
by HPLC analyses of the radioactive spots. Apparent is similar reduction of the two products
consistent with their direct production by and inhibition of PIKfyve during the in vitro
reaction. Data are reported in Refs. [34, 51, 52]. B: Parallel dishes of COS cells, transiently
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transfected with wild-type (WT) and point mutants (*) of HA-PIKfyve in pCMV5
expression vector, or with an empty vector (=), were lysed in RIPA buffer, followed by
immunoprecipitation with HA antibodies and lipid separation by TLC, as described in A.
Whereas production of both lipids is perturbed by mutagenesis within the predicted PIKfyve
substrate-binding activation loop, apparent is greater reduction of PtdIins5P compared to
PtdIns(3,5)P, with PIKfyveK2000E and, vice versa, greater reduction of PtdIns(3,5)P,
compared to PtdIns5P, with PIKfyveX1999E Note that under identical immunoprecipitation
conditions, synthesis of the two lipids is selectively affected, nullifying hydrolysis by
hypothetical 3-phosphatases underlying the observed differences. These data support direct
synthesis of both PtdIns(3,5)P, and PtdIns5P by PIKfyve. No production of either lipid is
seen by the PIKfyveK1831E mutant that harbors mutation in the predicted ATP-binding
lysine [17]. Modified from [20].
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PIK fyvek2000 PIK fyvek1999

A)

Figure4.
Differential effect between PIKfyveX1999 and PIKfyveK2000 on cell morphology. A,C: COS

cells transiently transfected with pEGFP-PIKfyveK2000E and pEGFP-PIK fyveK1999E were
observed by fluorescence microscopy based on GFP fluorescence signals. P1KfyveK1999E
mutant, exhibiting greatly perturbed PtdIns(3,5)P, synthesis (shown in Fig. 3B) and binding
to PtdIns3P-enriched liposomes vs. wild-type, examined by in vitro lipid kinase activity and
liposome-binding assays [54], respectively, provokes the characteristic aberrant phenotype
in the form of cytoplasmic vacuolation. The PIKfyveK2000E mytant, with preferentially
impaired PtdIns5P synthesis vs. PtdIns(3,5)P, (shown in Fig. 3B) and intact binding to
PtdIns3P-enriched liposomes [54], does not trigger an aberrant phenotype. B,D: phase-
contrast images of A and C, respectively. Modified from [20].
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